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Abstract

The bedded salt formations located throughout the United States are layered and
interspersed with non-salt materials such as anhydrite, shale, dolomite and limestone.
The salt layers often contain significant impurities. GRI and DOE have initialized this
research proposal in order to increase the gas storage capabilities by providing operators
with improved geotechnical design and operating guidelines for thin bedded salt caverns.

Terralog has summarized the geologic conditions, pressure conditions, and critical design
factors that may lead to:

Fracture in heterogeneous materials;

Differential deformation and bedding plane slip;

Propagation of damage around single and multiple cavern;

Improved design recommendations for single and multiple cavern configurations
in various bedded salt environments.

The existing caverns within both the Permian Basin Complex and the Michigan and
Appalachian Basins are normally found between 300 m to 1,000 m (1,000 ft to 3,300 ft)
depth depending on local geology and salt dissolution depth. Currently, active cavern
operations are found in the Midland and Anadarko Basins within the Permian Basin
Complex and in the Appalachian and Michigan Basins. The Palo Duro and Delaware
Basins within the Permian Basin Complex also offer salt cavern development potential.

Terralog developed a number of numerical models for caverns located in thin bedded salt.
A modified creep viscoplastic model has been developed and implemented in Flac3D to
simulate the response of salt at the Permian, Michigan and Appalachian Basins. The
formulation of the viscoplastic salt model, which is based on an empirical creep law
developed for Waste Isolation Pilot Plant (WIPP) Program, is combined with the
Drucker-Prager model to include the formation of damage and failure. The Permian salt
lab test data provided by Pfeifle et al. 1983, are used to validate the assumptions made in
the material model development.

For the actual cavern simulations two baseline models are developed for single and
multiple caverns, respectively. Different parameters that affect damage propagation and
deformation of salt cavern, such as cavern pressure, operating conditions, cavern
height/diameter ratio, overburden stiffness and roof thickness are analyzed and the
respective results summarized. For multiple horizontal caverns numerical models are
developed to determine the cavern interaction and the minimum safe center to center
distance.

A step by step methodology for operators to assess critical cavern design parameters for
thin bedded salt formations is also presented.
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1 Executive Summary

The primary objective of this GRI/DOE project is to increase the gas storage capabilities
by providing operators with improved geotechnical design and operating guidelines for
thin bedded salt caverns. In this final report, Terralog has summarized the geologic
conditions, pressure conditions and critical design factors that may lead to:

e Fracture in heterogeneous materials;
e Differential deformation and bedding plane slip;
e Propagation of damage around cavern and ultimately failure.

We also provide design recommendations for single and multiple cavern configurations
in various bedded salt environments.

In Section 5, we identify several potential salt layers that can be targets for salt cavern
development. Terralog recommends a minimum 50 m (165 ft) thick salt layer and
minimum 300 m (1,000 ft) depth for salt cavern development. The exact depth to cavern
is dependent on locally geology and salt dissolution. Currently, active cavern operations
are found in the Midland and Anadarko Basins within the Permian Basin Complex and in
the Appalachian and Michigan Basins.

The Midland Basin has the largest salt cavern operations with 13 operators
operating approximately 100 wells. Salado is the dominant salt bearing unit
where all the active caverns are found. The thickest Salado salt can be found in
the southwestern part of the Basin in less than 600 m (2,000 ft) depth. Midland
Basin offers deeper potential salt units where the cost for cavern development
should be considered.

The Salado salt is also the dominant halite unit within the Delaware Basin. The
Salado in Delaware Basin is too shallow for salt cavern siting. Thick salt units
may be found locally within the Castile Formation especially in the northern part
of the Basin.

The Palo Duro Basin offers salt cavern development potential in the San Andres
Formation on the southwest side of the Basin, and locally on the eastern part of
the Basin within the Upper Clear Fork Formation and on the south within the
Seven Rivers Formation.

There is no salt cavern potential within the Dalhart Basin where the dominant
Blaine salt unit is too thin, and the Upper Clear Fork salt is too shallow for cavern
development.

Two operators are actively operating over 25 wells in the Anadarko Basin within
the Lower Cimarron Salt Formation. Hutchison Member salt offer potential
cavern siting in the northeast portion of the Anadarko Basin, where locally thick
salt may be found in less than 900 m (3000 ft).

DE-FC26-03NT41813 12
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Six operators operate approximately 30 caverns within the Michigan Basin in the
Salina salt. All wells are located within the southern rim of the Basin where the
caverns are found in less than 1,200 m (4,000 ft) depth. There are at least 2 halite
beds about 50 m (165 ft) thick salt in the Salina Formation.

Within the Appalachian Basin, 3 operators operate over 15 caverns in New York
State, while Marathon Ashland operates one cavern with 2 wells in Ohio State.
Caverns are excavated in the thick Salina salt in less than 1,050 m (3,500 ft) in the
northern part of the Appalachian Basin in New York State and in 1,100 m (3,600
ft) depth in Ohio, on the western side of the Appalachian Basin.

In Section 6, Terralog summarizes numerical results of a parametric analysis of caverns
located within thin bedded salt. A modified creep viscoplastic model has been developed
and implemented in Flac3D to simulate the salt material behavior at the Permian,
Michigan and Appalachian Basins. The viscoplastic salt model is based on an empirical
creep law developed for Waste Isolation Pilot Plant (WIPP) Program and combined with
the Drucker-Prager model for damage and ultimately failure. The Permian salt lab test
data (Pfeifle et al., 1983) are used to verify and validate the modified material model.

A baseline model with specified geometric dimensions is first selected and subjected to
predefined cyclic pressure operations. The amount of damage around the cavern wall and
roof is evaluated and used as comparison to other results. Design parameters are varied to
evaluate how they may affect propagation of damage and the deformation of cavern.
These are the cavern pressure, operating conditions, cavern size expressed in terms of
height/diameter (H/D) ratio, overburden stiffness and roof thickness.

The simulations performed can be summarized into two main categories, the first
involves a single cavern; the second multiple caverns:

The baseline results, for the single cavern simulations, shows a shear stress
distribution primarily around the cavern top and bottom corners, salt damage
mainly around the cavern sidewall and slippage in the top interface between the
salt formation and the anhydrite layer. During cyclic pressure operations, the
shear-stress zones propagate into a wider region, which is responsible for an
increase in the amount of slippage in the interface. During cyclic pressure loading,
the magnitude of the maximum shear stress does not increase, which results in no
additional damage (micro-cracks) in the surrounding salt.

In addition to the cyclic pressure operation, two other pressure operations are
considered, including a hydrostatic pressure load and a direct pressure drawdown.
All operations are continued for 1 year and the time dependent cavern response is
monitored. Hydrostatic pressure results in most stable conditions of the cavern,
involving a rather limited amount of damage in close proximity to the cavern.
However, reducing pressure from 8.8 MPA (1276 psi) to 4.4 MPA (638 psi), the
damaged regions expand through the entire roof thickness and in the lateral
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direction. Obviously, an increase in damage increases the likelihood of cavern
collapse, most probably in the form of roof failure

The effect of cavern size and shape, expressed in terms of a Height/Diameter
(H/D) ratio, on the propagation of the damaged region is investigated. The results
indicate that for a larger cavern the tendencies of closure accelerates, the damaged
region as well as the amount and extension of slippage increases. Both conditions,
a cyclic pressure operations and direct pressure drawdown to 4.4 MPa (638 psi)
are simulated. Reducing the cavern pressure from hydrostatic to 4.4 MPa (638
psi), increases the risk of salt cavern collapse independent of the size and shape of
the cavern itself.

The influence of the overburden stiffness is considered a critical parameter on the
overall cavern response. In this report the corresponding results are given when
the overburden stiffness is reduced by an order of magnitude. It is shown that a
substantial part of the weight of the overburden material is carried by the
anhydrite layer and by the cavern roof itself. For this particular case, the anhydrite
reaches it tensile limit and fails. This failure implies that the cavern roof is
subjected to a much higher load and therefore the amount and extension of
damage increases substantially.

Also, for the single cavern case, the effect of the roof thickness is evaluated. For
this particular case the thickness of the salt layer is increased from 54 m (177 ft)
to 78 m (256 ft). This allows doubling the roof thickness without moving the
location of the cavern itself. We found that increasing the roof thickness reduces
the amount of damage in salt.

Finally, an attempt is made to investigate the influence of the interface strength on
the cavern response. The interface strength is modeled as pressure dependent by
introducing a constant friction angle. To reduce the interface strength, the friction
angle is reduced. This shows that the interface strength is primary responsible on
how much load is transferred to the cavern roof. Reducing the interface strength
increases the amount and extent of damage.

The second category into which the simulations have been divided, concentrates
on the determination of the minimum safe center to center distance of multiple
horizontal caverns. We found that a center to center distance of two cavern
diameters is not sufficient to eliminate the mutual interaction. Increasing the
center to center distance to three cavern diameters, does indeed eliminate almost
entirely any interaction. It should be pointed out that in both cases the interaction
stresses are within the elastic limit and therefore, at least in theory, no damage and
no micro-cracks are generated in the intermediate cavern region. For this category
we consider hydrostatic pressure loading as well as cycling pressure operation.
Both simulations extend over a one year period.

DE-FC26-03NT41813 14
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Concluding, when multiple caverns are present, the acceptance level of certain
operational conditions depends not only on formation properties and on the distance
between the caverns itself, but also on how aggressive the operational conditions are. It
is strongly recommended that numerical simulations be preformed to improve the
complex interaction.

In Section 7, we have summarized the general industry guidelines compiled from IOGCC
(1998), CSA Standard Z341 Series -02 (2002) and the Railroad Commission of Texas.
When there are discrepancies, the most stringent requirements are cited and when ever
possible, the American standards will be preferred.

Terralog also provides a Step by Step methodology to assess critical cavern design
parameters for thin bedded salt formations. The basic process involves estimating the
current rock strength and formation stress values with the best available data, calculating
induced stresses due to cavern creation and pressure cycling, and then comparing the
induced stresses to the estimated limiting strength and stress values. The specific steps
taken for a given project will depend on the available data and the desired solution
accuracy. These design steps have been summarized in Section 8.

DE-FC26-03NT41813 15
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2 Introduction

The first task for this DOE Solicitation DE-PS26-02NT41488 is to review and summarize
for operators the geologic settings for major bedded salt Basins in the United States, and
the typical geomechanical properties and implications for cavern development and
operations. For this DOE Solicitation, Terralog Technologies focused on the Michigan-
Appalachian Basins and the Permian Basins Complex. See Figure 2-1 for major bedded
salt Basins in the United States.

Williston Basin Michigan Basin

Appalachian Basin

Permian Basin
bedded salt deposits

= .
salt dome basin Gulf Coast

Source: National Petroleum Technology Office

Figure 2-1: Major bedded salt Basins in US.
When siting a salt cavern, the following should be considered:

e A minimum 300 m (1,000 ft) depth and below any known salt dissolution is
recommended for locating salt caverns. The salt cavern should be deep enough to
prevent surface erosion and dissolution by circulating ground water. Also, the
rate of plastic flow of rock salt resulting from overburden pressure increases
exponentially with depth.

e Based on our simulation, a minimum of 50 m (1650 ft) thick salt layer is
recommended for salt cavern development. The salt should be extensive in both
the vertical and lateral directions and be relatively homogeneous to provide for
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adequate heat dissipation. Heat dissipation can be impaired by impurities near the
storage cavern.

Task 1 of this DOE Solicitation is to review and summarize these geologic characteristics
within the Permian Basin Complex and the Michigan and Appalachian Basins. A
detailed geologic literature search using Georef was performed on the Michigan,
Appalachian and the Permian Basins Complex. Detailed geologic characterization is
important and necessary pre-requisite for analytical or numerical investigations on the
geomechanical processes in bedded salt formation, allowing us to establish a realistic
range of scenarios for future parametric model investigations. Based on this geological
review, Terralog has identified other potential salt layers that can be developed for future
cavern development.

Terralog have also reviewed and summarized for operators typical mechanical properties
for bedded salt materials in the area, including typical interbedded materials such as
anhydrite, dolomite, shale, sandstone and limestone. This effort is to define the different
material properties that may be encountered in thin-bedded salt development, the
resulting deformation behavior of interfaces and composite layers due to cavern pressure
cycling.

Based on the collected data, Terralog has investigated and performed various 2D and 3D
simulations to determine the minimum and maximum pressure limits for thin bedded salt
caverns in a variety of typical situations occurring within the Permian Basin Complex
and the Michigan and Appalachian Basins.

DE-FC26-03NT41813 17
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3 Experimental

No experiment was performed for this project. All results are analytical and are
described in details under “Results and Discussion” section of the report.

4 Results and Discussion

4.1 Geological Review

4.1.1 Permian Basin Complex

The Permian Basin Complex consists of an interconnected group of Basins that were at
times connected by shallow seaways. They are, from the northeast to the southwest, the
Anadarko, Palo Duro, Midland and Delaware Basins. A smaller adjacent basin, the
Dalhart Basin, lies to the northwest of the margin between the Anadarko and Palo Duro
Basins. A structural element map for the Permian Basin Complex is shown in Figure 4-1.
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4.1.1.1 Geologic Setting

Pre-Permian sedimentation in the Permian Basin Complex ranges from 1,000-9,000 m
(3,000-30,000 ft) thick of mainly Cambrian to Devonian carbonates, and Mississippian to
Pennsylvanian clastics and carbonates (Johnson and Gonzales, 1978). The Permian
Basin Complex formed because of rapid subsidence that took place during the
Mississippian-Pennsylvanian Periods. There were simultaneous mountain building
occurring to the east of the Permian Basin Complex, and rapid filling of the basins. By
the middle of the Permian Period, the basins had been leveled off (Terralog, Dec. 30,
2001). Complex faulting created platforms and arches subdividing the Permian Basin
Complex into the five separate basins: Anadarko, Palo Duro, Dalhart, Midland and
Delaware Basins. During Permian time, a broad and shallow inland sea covered much of
southwest United States. Then restricted access to the open ocean developed, and a
prolonged period of over 30 million years caused the deposition of evaporites in the late
Permian Period (Terralog, Dec. 30, 2001).

Evaporites formed because of evaporation of seawater. There are numerous evaporite
cycles within the Permian Basin Complex. An evaporite cycle typically began with a
flooding event and deposition of limestones and dolomites at the base, which was then
overlain by the precipitation of anhydrite or gypsum. Build up of sediment further
restricted the water movement, which caused the precipitation of halite (salt). Mud, silt
and sand deposited by aeolian and fluvial processes maybe interbedded with halite.

Normal marine water entered the Delaware and Midland Basins from open ocean to the
southwest (Johnson and Gonzales, 1978). Typically clastic sediments were deposited in
the alluvial and nearshore environment while the evaporites were deposited in the central
part of the inland sea or Basins. Evaporites such as anhydrite, dolomite and halite (salt)
were precipitated and accumulated. The oldest salt, the Hutchison Salt Member was
found in the northern Anadarko Basin, Kansas and Oklahoma border in Leonardian (late
Early Permian) time. Evaporites accumulation moved southward. By later Leonardian
time, salt accumulation had migrated into the Dalhart and Palo Duro Basins. By late
Guadalupian (Late Permian) time, evaporite deposits had reached the Delaware and
Midland Basins. The youngest salt, the Salado Salt was widespread in the Delaware and
Midland Basins by Ochoan (latest Late Permian) time (Johnson and Gonzales, 1978).
Table 4-1 shows this progression of salt deposition within the Permian Basin Complex.
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Table 4-1: Major salt deposition in Permian Basin complex.

AGE/ MIDLAND DELAWARE | PALO DURO | DALHART | ANADARKO
SERIES BASIN BASIN BASIN BASIN BASIN
5
g= Undiff. Undiff. Undiff. Undiff. Undiff.
et Tertiary Tertiary Tertiary Tertiary Tertiary
e to to to to to
2 Triassic Triassic Triassic Triassic Triassic
<
=
° Dewey Lake Dewey Lake Dewey Lake | Dewey Lake | Quartermaster
'S & Alibates Rustler Alibates Alibates Alibates
© Salado Salado Salado Salado
= o Tansill Castile o Tansill Tansill Cloud Chief
g ® | Yates | Yates Yates
k = - | 7Rivers | Bell Canyon -8 7 Rivers 7 Rivers
5 | & £ | Queen 2| Queen Queen Whitehorse
& | = < | Grayburg < Grayburg | Grayburg
= S Cherry
O San Andres Canyon San Andres Blaine Blaine/
Brushy Flowerpot
Canyon
Sparberry Glorieta Glorieta Glorieta
Dean Upper Clear Upper Clear | o Upper
Fork Fork O Cimarron
g Tubb Tubb f‘s Cimarron
£ 8 FH| Anhydrite
S = Bone Spring | Lower Clear | Lower Clear | 8| Lower
5 g Fork Fork ©| Cimarron
% 3 Red Cave Red Cave Hennessey
- Wellington
Witchita Gp Wichita Gp | Hutchison
Mrb

Compiled from McGookey, Gustavson and Hoadley, 1988, Johnson and Gonzales, 1978,
Hovorka and Nava 2000, Gustavson, Finley and McGillis, 1980
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Basin evolution after evaporite deposition is important for salt cavern siting because the
salt geometry was modified by burial dissolution (Hovorka and Nava, 2000). The
Permian Basin Complex region was tectonically stable after the deposition of salts.
Minor amounts of subsidence and warping were noted. The Permian and younger strata
are virtually free of deformation and in most areas have less than }2° dip (Johnson and
Gonzales, 1978). Faults that displace Permian salt bearing rocks in the region are rare.
Permian rocks are locally faulted and sharply flexed along the Amarillo-Wichita Uplift
and the Matador Arch (Johnson and Gonzales, 1978). At other areas, strata overlying the
salt sequence are disturbed because of localized salt dissolution causing the younger
strata to collapse. Salt dissolution prior to Cretaceous deposition has been reported in
many parts within the Permian Basin Complex (Hovorka and Nava, 2000).

4.1.1.2 Midland Basin

There are 4 salt bearing formations: Salado, Tansill, Seven Rivers and Queen. Midland
Basin has the most salt caverns storage operation within the Permian Basin Complex. A
total of 13 operators are actively operating approximately 100 wells within the Midland
Basin. (See Table 4-2). All the salt storage caverns operation is found within the Salado
Formation, the dominant salt bearing unit. (See Figure 4-3.) Beside the Salado
Formation, the Queen Formation offer additional salt cavern siting especially in the
northern part of the basin.
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The Tansill, Seven Rivers and Queen salt bearing formations belong in the Artesia
Group. In the Midland Basin, the Artesia Group can reach up to 600 m (2,000 ft) thick,
and the aggregate salt bed may reach 50% (Terralog, Dec. 30, 2001). Artesia Group is
predominantly shale and anhydrite in the north, and sands and carbonates in the south.

The lowest most salt bearing formation in the Midland Basin is the Queen Formation
within the Artesia Group where halite beds were intermixed with redbeds sandstones and
mudstones. Approximately 30-90 m (100-300 ft) thick salt beds were recorded in
Cochran 14 well in the northern part of the Midland Basin at 1,000 m (3,400 ft) depth
(Hovorka and Nava, 2000).

The Seven Rivers Formation is composed of cyclically interbedded mudstones, salt,
anhydrite and dolomite. Several thick anhydrite beds are found within this formation.
Typical salt beds are 2-20 m (6-60 ft) thick and interbedded with mudstones, anhydrite
and sandstones (Johnson and Gonzales, 1978). Locally over 30 m (100 ft) thick salt was
found in Cochran 14 well in the north (Hovorka and Nava, 2000). The depth to salt
appears to be at 600-1,200 m (2,000-4,000 ft) in most part of the Midland Basin (Johnson
and Gonzales, 1978).

The Tansill Formation averages 30-60 m (100-200 ft) thick, is highly cyclic and laterally
heterogeneous. At the northern and eastern margin of the Midland Basin, Tansill
Formation is composed of 3-4 halite beds with abundant clastic interbeds. At the center
of the Midland Basin, Tansill is predominantly anhydrite or dolomite with halite
interbeds. Halite becomes more dominant up section. Tansill can be found at
approximately 200 m (700 ft) depth at the eastern Basin margin, 300 m (900 ft) depth at
the southwest along the Central Basin Platform, and below 1,000 m (3,200 ft) depth at the
north-central Basin location (Hovorka and Nava, 2000).

The dominant and youngest salt bearing unit in the Midland Basin is the Salado
Formation. Bedded halite is the most common lithology. Salado Formation contains 6
regionally traceable master cycles of anhydrite, mudstones and halite overlain by an
insoluble residue (Hovorka and Nava, 2000).

Master cycle 10: is the bottom most cycle and this interval is 15-50 m (50-165 ft)
thick. A persistent insoluble residue bed is identified at the top of the cycle. This
interval is thin and discontinuous.

Master cycle 20: is 50 m (165 ft) thick interval and has the thickest and most
distinctive anhydrite bed (up to 10 m or 30 ft). Five to 6 halite-mudstone

sequences are found within this interval.

Master cycle 30: ranges from 15-60 m (50 to 200 ft) thick, and can contain up to 9
halite-mudstone sequences.
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Master cycle 40: is discontinuous and ranges from 30-60 m (100-200 ft) thick.
Six to 10 halite-mudstone sequences are identified.

Master cycle 50: is continuous and well defined across the Midland Basin. This
interval is 20 m (75 ft) thick containing 3 to 5 halite-mudstone sequences.

Master cycle 60: is top most cycle and this interval is 50-70 m (165-225 ft) thick.
Halite is clean and can be as much as 30 m (100 ft) thick. This interval contains 2
to 3 halite-mudstone sequences.

Thin lamina of anhydrite, mudstones and siltstones were deposited during prolong
exposure of the halite flat. Cores recovered from the Salado shows anhydrite is in 5-15%
aggregate percentage and halite is in 53-85% aggregate percentage. The cores also show
the clayey insoluble residue to be brecciated with abundant fractures, small faults and
joints (Hovorka and Nava, 2000). Salt had been locally dissolved within this formation.
Top of Salado is located below 300 m (1,000 ft) at the eastern and southern Basin
margin; while at the Basin center it was located between 550-700 m (1,800-2,300 ft)
depth (Figure 4-3). The thickest salt thickness appears to be on the southwest margin of
the Midland Basin, closer to the Central Basin Platform. Approximately 450 m (1,500 ft)
of salt were recorded 10km (25 miles) east and southeast of Carlsbad (Terralog, Dec. 30,
2001). As seen from Figure 4-3 and Figure 4-4, the thickest salt found along the
southwest margin can be reached below 600 m (2,000 ft) depth.
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4.1.1.2.1 Midland Basin Cavern Sonar Review

Terralog has obtained over 50 sonar surveys of salt caverns within the Midland Basin.
The data is presented in Table 4-2. All the caverns are within the Salado Formation.
Terralog review shows that the average cavern in the Midland Basin has a height of 29m
(95 ft) and diameter of 38m (125 ft). The minimum height of the cavern is as small as
8m or 271t, while the maximum is recorded at 70 m (230 ft). The minimum cavern
diameter is 5 m (15 ft) while the maximum is at 96m (316ft) wide. Terralog’s simulation
recommends a cavern height of 30 m (100 ft) in 50 m (165 ft) thick salt as the most stable
configuration. Approximately half of the operations surveyed within the Midland Basin
have stack caverns. The cavern shape varies from narrow cylindrical to stack pancakes to
upside down cone shapes. The average capacity of the cavern is 248,182 barrels. See
Figure 4-5 for typical salt cavern configurations in the Midland Basin.

The salt caverns on the eastern part of the Basin are located between 300-450 m (1,000 to
1,400 ft) depth, while the caverns are located around 700 m (2,300 ft) depth in the north.
At Basin’s center the salt caverns are found between 750-850 m (2,500 to 2,800 ft) depth.
Unocal operates their salt caverns at 650-800 m (2,100 to 2,600 ft) depth in Winkler
County in the southwest portion of the Basin. (See Figure 4-3).
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Table 4-2: Midland Basin active underground hydrocarbon storage data.

Cavern | Product Main Bottom Ave. Ave. Cavern AW
Company No. Stored Roof |Depth (ft)[Height (ft)] Diameter| Volumn Ratio Shape
Unocal/Union Oil Co. 1a natural gas| 2105 2165 60 60 30,199 1.0000|cylinder
1b natural gas| 2212 2315 103 160 368,647 0.6438(stack pancakes
1c natural gas| 2455 2530 75 220 507,505 0.3409(cylinder
1d natural gas| 2603 2650 47 382 958,867 0.1230|cylinder
Unocal/Union Oil Co. 2a natural gas| 2055 2140 85 120 171,126 0.7083|upside down cone
2b natural gas| 2202 2290 88 255 800,012 0.3451(stack pancakes
2c natural gas| 2432 2488 56 230 414,169 0.2435(stack pancakes
2d natural gas| 2580 2660 80 181 366,421 0.4420(cylinder
Mid-America Pipeline Co 1 Y Grade 2540 2587 47 316 656,154 0.1487|cylinder
Mid-America Pipeline Co 2 Y Grade 2550 2685 135 145 396,829 0.9310(stack pancakes
Mid-America Pipeline Co 3 butane 2640 2730 90 145 264,553 0.6207 [upside down cone
Mid-America Pipeline Co 4 Y Grade 2618 2713 95 130 224,463 0.7308|stack upside down cones
Mid-America Pipeline Co 5 butane 2623 2710 87 125 190,052 0.6960|stack upside down cones
Mid-America Pipeline Co 6 propane 2610 2665 55 200 307,579 0.2750(cylinder
Mid-America Pipeline Co 7 Y Grade 2620 2682 62 134 155,645 0.4627 [stack pancakes
Mid-America Pipeline Co 8 propane 2640 2715 75 160 268,432 0.4688|upside down cone
Mid-America Pipeline Co 9 E/P mix 2607 2700 93 175 398,192 0.5314|stack upside down cones
Mid-America Pipeline Co 11a gasoline 2600 2627 27 44 7,308 0.6136|stack pancakes
11b gasoline 2648 2730 82 70 56,175 1.1714|stack upside down cones
Mid-America Pipeline Co 12a propane 2573 2621 48 85 48,486 0.5647 [stack pancakes
12b propane 2643 2710 67 107 107,245 0.6262|upside down cone
Mid-America Pipeline Co 13 propane 2625 2738 113 87 119,578 1.2989|stack pancakes
Mid-America Pipeline Co 14 E/P mix 2640 2746 106 94 130,947 1.1277|cylinder
Amoco Production Co. 1 n/a 2417 2682 265 75 208,402 3.5333|upside down cone w/long neck
Amoco Production Co. 2a n/a 2335 2408 73 36 13,227 2.0278|stack upside down cones
2b n/a 2408 2425 17 273 177,136 0.0623|upside down cone
Amoco Production Co. 3a n/a 2325 2382 57 23 4,216 2.4783|cylinder
3b n/a 2400 2525 125 76 100,942 1.6447|diamond
Chevron Pipeline Co. 1a Y Grade 1368 1450 82 55 34,679 1.4909|stack pancakes
1b Y Grade 1450 1507 57 146 169,869 0.3904cylinder
Chevron Pipeline Co. 2a Y Grade 1195 1354 159 15 5,002 10.6000|stack pancakes
2b Y Grade 1381 1512 131 78 111,428 1.6795|stack pancakes
Chevron Pipeline Co. 3a Y Grade 1205 1435 230 24 18,522 9.5833stack pancakes
3b Y Grade 1445 1483 38 115 70,261 0.3304chevron
Alon USA, LP 1001a propane 977 1060 83 25 7,253 3.3200|upside down cone
1001b propane 1080 1190 110 92 130,167 1.1957|stack pancakes
Alon USA, LP 1004a butane 985 1085 100 23 7,396 4.3478|stack upside down cones
1004b butane 1107 1200 93 59 45,261 1.5763|stack upside down cones
Alon USA, LP 1005a propylene 1070 1165 95 46 28,104 2.0652]|stack upside down cones
1005b propylene 1205 1240 35 140 95,909 0.2500|upside down cone
Alon USA, LP 1007a butylene 995 1175 180 28 19,730 6.4286[stack pancakes
1007b butylene 1205 1245 40 128 91,625 0.3125(cylinder
Oneok 1 natural gas| 2790 3020 230 200 1,286,238 1.1500|cylinder
Oneok 2 natural gas| 2728 2910 182 230 1,346,048 0.7913|bell
Average 95 125 248182

Small letter in Cavern No. column denotes separate cavern within the same well.
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4.1.1.3 Delaware Basin

The Salado and Castile are the two salt bearing units in the Delaware Basin. In Ochoa
time, the sea gradually retreated to the south while fine-grained redbed clastics were
deposited to the north (Hills, 1968). Both the Salado and Castile salts are found on the
northern and eastern part of the Delaware Basin only. The Salado Formation is the
dominant salt bearing formation in the Delaware Basin where Unit 5 can be over 50 m
(165 ft) thick salt beds. However, this formation is found in less than 300 m (1,000 ft)
depth, too shallow for cavern development. Locally, the Castile salt may be developed
for caverns, especially in the northern part of the basin.
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Figure 4-6: Delaware Basin schematic stratigraphic column.
Modified from Cromwell, 1984, Hovorka and Nava, 2000, Johnson, 1986
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Castile Formation has been divided into 4 thick anhydrite units. Each unit is separated by
laminated halite (Hovorka and Nava, 2000). Castile evaporites were deposited in rapidly
alternating flooded and exposed shelf as the Basin was filled with halite and
anhydrite/gypsum. Castile Formation is restricted to the Delaware Basin (Johnson and
Gonzales, 1978). The lower 3 units are traceable throughout the Delaware Basin, and
merged into a single massive unit of anhydrite towards the Central Basin Platform
(Hovorka and Nava, 2000). The entire formation can reach 550 m (1,800 ft) thick.
Halite is found on the northern and eastern Delaware Basin. The thickest halite
accumulation is on the northern boundary where 250 m (800 ft) of halite (Figure 4-7)
have been recorded 10km (25 miles) southeast of Carlsbad (Terralog, Dec. 30, 2001).
Top of Castile can be found below 1,000 m (3,400 ft) depth in most part of the Delaware
Basin.
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Figure 4-7: Castile formation isopach.
From: Johnson and Gonzales, 1978

Salado Formation is predominantly halite with basal anhydrite. It can be divided into 8
units according to Johnson, (1986). See Figure 4-6. Each halite unit may also contain
minor amount of anhydrite, dolomite and shale/mudstone interbeds. Top of Salado can
be found below 200 m (700 ft) from surface across most of the Delaware Basin (Figure
4-3). Halite beds typically between 10-30 m (40-100 ft) thick are found only on the
northern and eastern part of the Delaware Basin against the Central Basin Platform. The
basal anhydrite is usually 10-15 m (30-50 ft) thick (Johnson, 1986). The varying salt
thickness is mostly due to salt dissolution. All units are found to have salt dissolution
across the Central Basin Platform and on the eastern Delaware Basin margin.
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Unit 1: is predominantly halite and lacks the basal anhydrite. This interval is
about 30 m (100 ft) thick and has a net 6-10 m (20-30 ft) thick anhydrite incursion
within the halite.

Unit 2: lower anhydrite bed is 10-15 m (35-50 ft) thick while the halite above is
12-30 m (40-100 ft) thick. There is localized salt dissolution and this interval is
about 180 m (600 ft) thick.

Unit 3: has an anhydrite bed 20-30 m (70-100 ft) at the base and overlain by halite
with anhydrite and mudstone interbeds. Unit 3 is about 180 m (600 ft) thick and
has salt dissolution on the eastern Basin margin towards the Central Basin
Platform.

Unit 4: is very uniform (10-20 m or 30-60 ft thick) throughout the Delaware
Basin. Its basal anhydrite is 5-7m (15-25 ft) thick while the salt is 6-10 m (20-30
ft) thick. On top of the salt is a persistent mudstone bed 2-3m (5-10 ft) thick.

Unit 5 has the thickest salt section within the Salado Formation. The halite is 30-
75 m (100-250 ft) thick, while the basal anhydrite is 5-6m (15-20 ft). Minor
amount of mudstone and anhydrite interbeds are also found within this 120 m
(400 ft) thick interval. There is recorded salt dissolution within this unit.

Unit 6: has a 10 m (30-40 ft) thick basal anhydrite, a 15-20 m (50-70 ft) thick
halite with several 2-3m (5-10 ft) mudstone interbeds. This interval is 30 m (100
ft) thick.

Unit 7: has a 7-10 m (25-30 ft) thick basal anhydrite. The halite above is 20-35 m
(70-120 ft) thick with several 2-3m (5-10 ft) mudstone beds. This interval is also
fairly uniform, averaging 75 m (250 ft) thick.

Unit 8: defines the top of Salado Formation. Its basal anhydrite is about 10 m
(35-40 ft) thick, and halite about 10-30 m (40-90 ft) thick with several 2-3m (5-10
ft) mudstones beds. The total interval is fairly uniform across the Delaware
Basin, which is about 60 m (200 ft) thick.

4.1.1.4 Palo Duro Basin

There are 6 major salt bearing formations within the Palo Duro Basin. They are the
Salado Formation, the Tansill and Seven Rivers Formations within the Artesia Group, the
San Andres Formation, the Upper and the Lower Clear Fork Formations. The San
Andres salt is most extensive within the Palo Duro Basin and can be found at 300-900 m
(1,000-3,000 ft) depth. See Figure 4-8. The Seven Rivers, Unit 4 within the San Andres
and the Upper Clear Fork salts offer caverns development potential where over 50 m (165
ft) thick salt layers can be found locally.
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Figure 4-8: Palo Duro schematic stratigraphic column.
Modified from Stone and Webster Engineering Corp., 1983, McGookey, Gustavson and
Hoadley, 1988, McGillis and Presley, 1981
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The oldest salt is the Lower Clear Fork which ranges from 60-150 m (200-500 ft) within
most of the Palo Duro Basin (Figure 4-9). The thickest halite accumulation is at the
northern border of the Basin. Individual halite beds are 2-8m (5-25 ft) thick and
interbedded with anhydrite and mudstones. Salt is found below 900 m (3,000 ft) in most
part of the Palo Duro Basin (Johnson and Gonzales, 1987).

Salt within the Upper Clear Fork commonly can attain more than 100 m (300 ft)
thickness within this Basin. Maximum 200 m (600 ft) was recorded in the west (Johnson
and Gonzales, 1987). Individual salt beds are typically 2-6m (5-20 ft), and salt generally
make up 30-50% of the unit (Johnson and Gonzales, 1987). This halite is typically found
between 600-1,200 m (2,000-4,000 ft) depth (Figure 4-10).
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The most extensive halite formation within the Palo Duro Basin is the San Andres salt,
which can be divided into the upper and lower members. The halite within the upper
member San Andres Formation is widespread and is found throughout the Palo Duro
Basin. The upper salt member is frequently interbedded with anhydrite, and each salt bed
can vary greatly in thickness. The lower member of the San Andres Formation can be
further divided into 5 units. All units have halite except for Unit 1 (Stone and Webster
Engineering Corp., 1983). Salt occurs in separate 3-6m (10-20 ft) beds, but can be as
massive as 15-60 m (50-200 ft) thick locally (Johnson and Gonzales, 1978). Mudstones
and some anhydrite are common non-salt strata in the north but increasingly became
dolomitic in the south. The entire San Andres Formation can reach 450 m (1,500 ft) thick
in the western margin of the Palo Duro Basin and mostly found in 300-900 m (1,000-
3,000 ft) below land surface (Johnson and Gonzales, 1987; Figure 4-11). The entire San
Andres Formation is commonly 20-40% salt (Johnson and Gonzales, 1978). Salt
dissolution is also recorded within the San Andres Formation along the Amarillo Wichita
Uplift (McGookey, Gustavson and Hoadley, 1988).

Unit 1: has no salt instead is predominantly dolomite.
Unit 2: is the thinnest halite unit. Only 20 m (75 ft) of salt can be found locally in

the northwestern part of the Basin.
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Unit 3: is found in the northwestern part of the Basin, is thinner and less
continuous. Unit 3 halite is about 20-40 m (75-125 ft) thick.

Unit 4: 1s the thickest salt unit and is continuous across the central and northern
part of the Basin. The 50-60 m (165-200 ft) thick halite is found over the 10-20 m
(30-60 ft) thick carbonate bed.

Unit 5: is the upper most unit and contains a major persistent halite bed that can
be traceable throughout the central and northern part of the Basin. This salt is 30
m (100 ft) thick and is capped by shale and anhydrite of the upper San Andres
Formation. This salt unit thins rapidly towards the south.
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Figure 4-11: Isopach and depth to top San Andres Formation and equivalent Blaine

and Flowerpot Strata.
From Johnson and Gonzales, 1978

Salt occurs over a wider area within the Seven Rivers Formation than in the Salado-
Tansill Formations. Numerous shale and anhydrite interbeds are mixed with locally

massive salt section (Stone and Webster Engineering Corp., 1983). Almost all the salt in
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the Seven Rivers Formation is found between 300-600 m (1,000-2,000 ft) depth. The
thickest salt, about 150 m (500 ft) is found at the southern part of the Basin. Figure 4-12
shows thickness and depth to top of Seven Rivers Formation in the Palo Duro Basin.

00— i f salt unit:
—2 .anilfr';'é?sii ?OO feet (305 meters)

g Depth to top of salt,
""" Fioans mql,OOO's of feet (305 meters)

Figure 4-12: Isopach and depth to top of Seven Rivers formation in the Palo Duro
Basin.
From: Johnson and Gonzales, 1978

As suggested by McGillis and Presley, (1981), Salado-Tansill Formation should be
treated as one unit as they form a single salt sequence within the Palo Duro Basin. In the
Midland and the Delaware Basins, the Salado and the Tansill/Castile Formations form an
extensive evaporite unit. However in the Palo Duro Basin, the Salado and Tansill contain
interbedded mudstones, siltstones, minor amount of anhydrite, and the halite grades
northward into redbeds (McGillis and Presley, 1981). The halite attains a maximum 60
m (200 ft) thick. Salt dissolution has been recorded in the Salado-Tansill Formation
within this Basin.

4.1.1.5 Dalhart Basin

There are 2 salt bearing units within the Dalhart Basin: the Blaine and Upper Clear Fork
Formations. Blaine Formation is the dominant salt unit within this Basin where up to 120
m (400 ft) thick salt has been locally found in less than 300 m (1,000 ft) depth in the
northern part of the Basin. There is no thick salt in the appropriate depth for salt cavern
development within this basin.
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Figure 4-13: Dalhart schematic stratigraphic column.
Modified from Stone and Webster Engineering Corp., 1983, McGookey, Gustavson and
Hoadley, 1988, Johnson and Gonzales, 1987.
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Stone and Webster Engineering Corp. (1983) reported about 100 ft thick salt in the
Dallam County within the Upper Clear Fork Formation (Figure 4-10). Upper Clear Fork
contains salty shale and salt and is separated from the Lower Clear Fork Formation by a
thick anhydrite bed and mudstones. Individual salt is typically 2-3m (6 to 10 ft) thick and
is interbedded with shale, anhydrite and dolomite beds. Salt layers generally make up 30-
50% of the entire unit in most of the Dalhart Basin (Johnson and Gonzales, 1978). Upper
Clear Fork salt can be found typically below 650 m (2,100 ft) depth (Terralog, Dec. 30,
2001).

The dominant salt unit is the Blaine Formation, which is equivalent to the San Andres
Formation in the Midland and the Palo Duro Basins (see Table 4-1). In the Dalhart
Basin, 30-60 m (100-200 ft) salt grades to anhydrite and dolomite to the south
(McGookey, Gustavson and Hoadley, 1988). Maximum 120 m (400 ft) of halite in found
in northern Dalhart Basin (Johnson and Gonzales, 1978, Figure 4-11.) Typically, salt
makes up 40-70% of the total formation thickness and can be found in less than 300 m
(1,000 ft) depth (Johnson and Gonzales, 1978), too shallow for cavern development. Salt
dissolution within the Blaine Formation is also reported toward the Cimarron Arch to the
east (McGookey, Gustavson and Hoadley, 1988

4.1.1.6 Anadarko Basin

Twenty-four sonar surveys from two operators were obtained from the Texas Railroad
Commission. (See Table 4-3.) The main halite unit is the Lower Cimarron Salt
Formation where all the operating salt caverns are found. Other salt bearing units are the
Flower Pot Formation and the Hutchison Salt. In the northeastern part of the basin,
Hutchison Formation offers potential for additional salt cavern development.
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Hutchison Salt is the oldest salt unit in the Permian Basin Complex. It is restricted to the
Kansas, Oklahoma and the northeast corner of the Anadarko Basin (Johnson and
Gonzales, 1978), see Figure 4-15. Hutchison Salt Member belongs to the Wellington
Formation and is typically 60-80 m (200-250 ft) thick. Hutchison Salt unit consists of
interbedded salt, anhydrite and shale. Typically halite beds are 2-8 m (5-25 ft) thick.
Halite represents about 40-50% of the formation and can be 95-97 % pure in central
Kansas (Johnson and Gonzales, 1978). The top of Hutchison Salt can be reached at about
100 m (300 ft) depth in central Kansas area to approximately 1,200 m (4,000 ft) depth in
the northeastern Anadarko Basin (Johnson and Gonzales, 1978). At least 3 underground
mines and 25 solution mining sites have exploited the Hutchison Salt over the last
century at the central Kansas where the salt is only 300-400 ft deep (Terralog, Dec. 30,
2001). Within the Anadarko Basin, Hutchison salt is about 300 ft thick (Figure 4-15),
found only in the northeast.
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Figure 4-15: Isopach and depth to top Hutchison Member in Anadarko Basin.
From: Johnson and Gonzales, 1978.

Lower Cimarron Formation is equivalent to the Lower Clear Fork Formation where the

section is predominantly interbedded salt, shale and anhydrite. This is the main halite
unit within the Anadarko Basin. Thirty to ninety meters (100-300 ft) thick halite
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normally make up about 30-70% of the unit (Johnson and Gonzales, 1978) and can be
found at 600 m (2,000 ft) depth. Figure 4-9 shows Lower Cimarron Formation salt
thickness and depth to top of salt bearing strata. There are two operators operating 24
salt cavern wells here within the Anadarko Basin at 425-550 m (1,400 ft to 1,800 ft)
depth.

Flower Pot Formation is a localized salt bed found only in the eastern part of the
Anadarko Basin (Figure 4-11). This formation is the lateral equivalent of the San Andres
Formation in Palo Duro Basin and the Blaine Formation in Dalhart Basin. The depth to
the top of the salt is less than 300 m (1,000 ft) deep (Johnson and Gonzales, 1978), too
shallow for cavern development. Approximately 15-120 m (50-400 ft) of halite can be
found locally. This formation has salt dissolution.

4.1.1.6.1 Anadarko Basin Cavern Sonar Review

There are two operators operating 24 salt cavern wells within the Anadarko Basin. The
data is presented in Table 4-3. All the caverns are found within the Lower Cimarron
Formation. The average cavern in the Anadarko Basin has a height of 11 m (39 ft) and
diameter of 48 m (158 ft). The cavern is primarily cylindrical in shape with an average
capacity of 160,595 barrels, see Figure 4-16. The minimum height of the cavern is as
small as 3m or 9ft, while the maximum is recorded at 33 m (110 ft). The minimum
cavern diameter is 5 m (15 ft) while the maximum is at 82 m (270 ft) wide. All 24 salt
caverns are located on the southwestern part of the Basin between 425-550 m (1,400 ft to
1,800 ft) depth, see Figure 4-9.
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Table 4-3: Anadarko Basin active underground hydrocarbon storage data.

Cavern| Product Mamn Bottom Ave. Ave. Tavern | HUW
Company No. Stored Roof |Depth (ft)|Height (ft)] Diameter| Volumn Ratio Shape
Phillips Petroleum Co. 3 n/a 1438 1482 44 230 209,056 0.1913|cylinder
Phillips Petroleum Co. 4 n/a 1472 1528 56 266 455,591 0.2105(cylinder
Phillips Petroleum Co. 5 n/a 1331 1376 45 209 266,973 0.2153(cylinder
Phillips Petroleum Co. 6 n/a 1426 1446 20 295 243,337 0.0678|cylinder
Phillips Petroleum Co. 7 n/a 1415 1483 68 225 436,130 0.3022(cylinder
Phillips Petroleum Co. 8 n/a 1450 1474 24 270 244,609 0.0889(cylinder
Phillips Petroleum Co. 9 n/a 1447 1467 20 241 167,785 0.0830|cylinder
Phillips Petroleum Co. 10 n/a 1450 1500 50 259 457,566 0.1931|cylinder
Phillips Petroleum Co. 11 n/a 1472 1500 28 320 400,859 0.0875|upside down cone
Phillips Petroleum Co.| 12a n/a 1456 1501 45 72 32,615 0.6250(cylinder
12b n/a 1501 1536 35 205 205,641 0.1707[cylinder
Phillips Petroleum Co. 13 n/a 1490 1540 50 200 279,617 0.2500
Phillips Petroleum Co. 14 n/a 1475 1525 50 180 226,490 0.2778|cylinder
Phillips Petroleum Co. 21 n/a 1426 1536 110 94 135,888 1.1702|stack pancakes
Phillips Petroleum Co. 22 n/a 1460 1510 50 130 118,138 0.3846|upside down cone
Phillips Petroleum Co. 23 n/a 1457 1520 63 115 116,485 0.5478|cylinder
Phillips Petroleum Co. 24 n/a 1431 1461 30 200 167,770 0.1500|cylinder
Diamond Koch 1a propane 1737 1752 15 130 35,441 0.1154|cylinder
1b propane 1755 1775 20 29 2,352 0.6897|upside down cone
Diamond Koch 2a n-butane 1690 1745 55 81 50,451 0.6790(stack pancakes
2b n-butane 1776 1785 9 15 283 0.6000|upside down cone
Diamond Koch 3 n-butane 1723 1754 31 119 61,375 0.2605(stack pancakes
Diamond Koch 4 n-butane 1700 1768 68 63 37,733 1.0794|upside down cone
Diamond Koch 5 n-butane 1709 1734 25 82 23,502 0.3049(cylinder
Diamond Koch 6a n-butane 1704 1737 33 82 31,022 0.4024|cylinder
6b n-butane 1752 1768 16 36 2,899 0.4444|upside down cone
Diamond Koch 7 n-butane 1739 1774 35 101 49,917 0.3465|upside down cone
Diamond Koch 9 iso-butane| 1756 1766 10 163 37,146 0.0613|cylinder
Average 39 158 160595

Small letter in Cavern No. column denotes separate cavern within the same well.
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Figure 4-16: Typical cavern configurations in the Anadarko Basin.
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4.1.1.7 Salt Dissolution in Permian Basin Complex

Salt dissolution and subsequent collapse of overlying strata is common in the Permian
Basin Complex. Terralog recommends a minimum depth of 300 m (1,000 ft) for cavern
development, depending on local geology and salt dissolution depth. Most of the
dissolution occurs within 400 m (1,300 ft) of the surface (McGookey, Gustavson and
Hoadley, 1988). Salt is very soluble, however, anhydrite and gypsum dissolution do not
cause major structural adjustments and collapse features according to Gustavson, Finley
and McGillis (1980). All the salt bearing formations within the Permian Basin Complex
have been affected locally by salt dissolution.

The Hutchison Salt is undergoing dissolution locally along the eastern border in Kansas
while the Lower Cimarron salt is being dissolved along the Kansas — Oklahoma line
(Johnson and Gonzales, 1978). In the Palo Duro Basin, Flowerpot/Blaine Formation has
been dissolved extensively along the Amarillo-Wichita Uplift and northward to the
Oklahoma Panhandle and western Kansas. Both the Artesia Group and the Salado salts
within the Palo Duro Basin are presently being dissolved (Johnson and Gonzales, 1978).
At Wink Sink on the eastern part of the Delaware Basin, a sinkhole with a maximum
width of 110 m (360 ft) and maximum depth of 33 m (110 ft) was created in June 1980.
This cavity was developed because of salt dissolution in the Salado Formation, and the
solution cavity migrated upward by successive roof failures until it finally breached the
land surface (Johnson, 1986).

4.1.1.8 Results and Discussion for the Permian Basin Complex

Each Basin within the Permian Basin Complex contains at least one thick halite bed over
50 m (165 ft) thick, the minimum thickness for stable cavern configuration. However, in
the Dalhart Basin, the Blaine salt layer is located in less than 300 m (1,000 ft) from the
surface, where salt dissolution may impair the cavern’s integrity. Active cavern
operations are found in the Midland and Anadarko Basins only. Complex faulting
created platforms and arches which divided the Permian Basin Complex into the five
separate Basins: Anadarko, Palo Duro, Dalhart, Midland and Delaware Basins (Figure
4-1). Salt dissolution and subsequent collapse of overlying strata is common in the
Permian Basin Complex. Most of the dissolution occurs within 400 m (1,300 ft) of the
surface (McGookey, Gustavson and Hoadley, 1988). All the salt bearing formations
within the Permian Basin Complex have been affected locally by salt dissolution.

The Midland Basin has the most salt cavern operations. Thirteen operators are actively
operating approximately 100 wells within the Midland Basin. Salado is the dominant salt
bearing unit where all the active caverns are found. The thickest Salado salt can be found
in the southwestern part of the Basin in less than 600 m (2,000 ft) depth. The Queen
Formation offers another potential salt unit for cavern siting locally. However, it is
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below the Salado Formation. The cost for developing the lower salt layer has to be
considered when the shallow Salado salts are available.

The Salado salt is also the dominant halite unit within the Delaware Basin. Unit 5 is over
50 m (165 ft), but is found on the east side in less than 300 m (1,000 ft) depth. The
Salado in Delaware Basin is too shallow for salt cavern siting. Thick salt unit may be
found locally within the Castile Formation especially in the northern part of the Basin
that can be used for cavern development.

The San Andres Formation is the dominant salt within the Palo Duro Basin. Halite in
Unit 4 is over 50 m (165 ft) thick and is found on the southwest side of the Basin. The
top of the salt can be reached between 600-900 m (2,000-3,000 ft) from the surface.
Upper Clear Fork salt can reach 120 m (400 ft) locally which may offers another possible
cavern siting on the eastern part of the Basin. This Basin offers potential for salt cavern
development.

Within the Dalhart Basin, Blaine Fo